Thermodynamic and phase equilibrium data for scapolite have been used to calculate CO2 activities (aco~) and to evaluate the presence or absence of a fluid phase in high-grade scapolite bearing meta-anorthosite, granulites, calc-silicates, and mafix xenoliths. The assemblage scapolite-plagioclase-garnet _+ quartz may be used to calculate or limit aco 2 by the reaction Meionite + Quartz = Grossular + Anorthite + CO 2 .
cates require an H20-rich fluid or absence of a fluid phase during metamorphism. The range of values for xenoliths are most consistent with absence of a fluid phase. The primary implication of these results is that a CO2-rich fluid accounts for the reduced an2o in scapolitc-bearing granulites. However, scapolite may be stable with a wide range of fluid compositions or in the absence of a fluid phase, and the presence of scapolite is not a priori evidence of a CO2-rich fluid phase. In addition, close association of scapolite-free mafic granulites with scapolite-bearing granulites having identical mineral compositions in the Furua Complex, and the absence of scapolite from most granulite terranes implies that a CO2-rich fluid phase is not pervasive on an outcrop scale or common to all granulite terranes.
Introduction
The role of fluids in the petrogenesis of granulite facies rocks has received considerable attention during the last decade. The role of a fluid phase in high-grade metamorphism focuses on two questions: (a) is a bulk fluid phase actually present during high-grade metamorphism (A.B. Thompson 1983); and, (b) is the low H20 activity (an2o) commonly calculated for high-grade rocks necessarily balanced by a high CO2 activity (aco2) in order to maintain PFluia =PTotal ? In order to address these questions one needs to know the activities of the dominant fluid species (H20 and COz) typically assumed to be present during metamorphism of high-grade rocks. The an2 o in high-grade rocks is usually calculated from biotite or amphibole dehydration equilibria. In most cases the calculated an2o has been shown to be in the range 0.1 to 0.6 (e.g. Wells 1979; Bohlen et al. 1980; Phillips 1980; Percival 1983; Valley et al. 1983; Bhattacharya and Sen 1986; Newton 1986; Hansen et al. 1987; Lamb and Valley 1988) . Except in unusual cases (e.g. Valley et al. 1983 ), application of these equilibria is complicated by large dilutions of the end-member hydrous phase in solid solu-tions, lack of a comprehensive solution model for the mixing properties of biotites or hornblendes, and poor correspondence between the material on which the experimental or thermodynamic data were collected and the natural phase. Although the accuracy of such calculations may be questioned, the general pattern of low aH2o is consistent with the interpretation that granulites formed at relatively low PH2o; this has become a tenet of metamorphic petrology (Eskola 1939; Winkler 1979; Turner 1981; Newton 1986) .
Three mechanisms resulting in low aH2o in granulites are usually enumerated (e.g. Lamb and Valley 1985; Newton 1986; Frost and Frost 1987) : (1)the presence of another fluid species (e.g. CO2), but maintaining PFluld----PTotal; (2)metamorphism of anhydrous igneous protoliths or rocks having experienced previous highgrade metamorphic events; or (3) the result of formation of a melt phase and/or passage of H20-undersaturated melts through a terrane.
The presence of CO2 as the primary fluid species that results in reduced aH~o has been inferred mainly from fluid inclusion studies of granulites (Coolen 1982; Hansen et al. 1984; Schreurs 1984; Santosh 1986) . However, in some instances the presence of CO2-rich fluid inclusions has been shown to be inconsistent with peak fluid composition calculated from mineral equilibria (Lamb and Valley 1985; Lamb et al. 1987) .
The aco~ attending high-grade metamorphism is less amenable to direct calculation because CO3-bearing phases are relatively uncommon in high-grade silicate lithologies compared to hydrous phases. However, scapolite solid solutions (marialite: Na4A13Si9024C1meionite: Ca4A16Si602~CO3 -sulfate meionite: Ca~A16Si6024SO4) have been reported in a number of granulites and high-grade gneisses. Scapolite equilibria thus provide a means to calculate aco2 independently of other fluid constraints from fo2 and the activity of carbon. The purpose of the present study is to apply the scapolite equilibrium Meionite + Quartz = Anorthite + Grossular + CO2 2 Ca4A16Si6024CO~ + SiO2 = 5 CaAl2SizO8 + Ca3A12Si~O 12 + 2 COz (1) for direct calculation of aco 2 in high-grade rocks with the appropriate mineral assemblage. When possible, the presence or absence of a fluid was evaluated by simultaneous calculation of aH~o based on biotite or epidote dehydration equilibria. The results place additional constraints on the role of a fluid phase in high-grade metamorphism and the relevance of CO2 in granulite genesis. The results presented here for granulites and xenoliths incorporate modified activity expressions for meionite in scapolite, and supersede those presented in Moecher (1988) and Moecher and Essene (1990a, b) .
Scapolite compositional relations
Numerous studies have demonstrated that scapolite from the upper amphibolite facies tends to be more calcic . Samples falling along the trend between mizzonite, (NaCagA15SiTO24CO3: EqAn=67) and EqAn=Xco~=0 are CO3-C1 solid solutions found in marble, calc-silicate gneisses and skarns, or post-peak metamorphic, brittle, fracture-filling veins. Scapolite in granulites trends from mizzonite toward sulfate-rich, intermediale EqAn compositions. Meta-anorthosite samples falling between CO3-rich and SO4-rich mizzonite are from margin and core of Whitestone meta-anorthosite. Sources of data: references in Table 1 and Glassley 1983; Jin et al. 1988; Mezger and Okrusch 1985; Moecher 1988 and unpublished data; Oterdoom and Gunter 1983; Rollinson 1980; Schenk 1984; Stolz 1987 and pers comm; Edwards et al. 1979; Goff et al. 1982; Boivin and Camus 1981 and carbonate-rich relative to sodic and chlorine-rich varieties typical of lower grade settings (e.g. Hietanen 1967; Kwak 1977; Vanko and Bishop 1982; Mora and Valley 1989) . Furthermore, scapolite in granulites, deepcrustal xenoliths, and igneous environments is typically sulfate-rich, with SO4/(SO4+CO3+C1)=0.25 to 0.82 (e.g. references in Table 1 and Fig. 1 ). These observations are consistent with experimental data indicating a relatively high temperature and/or pressure stability for sulfate scapolite solid solutions (Goldsmith and Newton 1977) . The compositions of scapolite solid solutions encountered in high-grade metamorphic environments define three partly overlapping fields (Fig. 1) . Scapolite compositions approaching mizzonite (EqAn--100(A1-3)/ 3=67, CO3/(SO4+CO3+C1)= 1) are common in metaanorthosite and calc-silicates at upper amphibolite to granulite facies. Sulfate-bearing scapolite in granulites tends to be slightly less calcic than mizzonite but differs from the scapolite described above in the composition of the anion site. More sodic, chlorine-bearing scapolite may occur in high-grade calc-silicates, marbles, or in late, brittle fractures and shears cutting upper amphibolite and granulite facies rocks.
The correspondence of scapolite compositional ranges with metamorphic facies largely reflects the relative P-T stabilities of these compositions. However, it also reflects the activity of fluid components at the time of scapolite formation in each setting, and may be used to constrain fluid activities given appropriate thermodynamic data.
